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Abstract This study presents an energy-based approach to the performance-based optimization of steel
moment resisting frames at the so-called operational, immediate occupancy, life safety and collapse
prevention performance levels. Two objective criteria are identified for a performance-based seismic
design: minimizing structural cost (interpreted as weight) is one; the other concerns minimizing
earthquake damage with respect to the maximum hysteretic energy capacity of the structure. That is,
the overall objective for the design of a building framework is to have minimum weight and maximum
energy dissipation capacity.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Traditionally, the seismic design of structures has been
strength-based. However, after recent earthquakes, especially
Northridge (1994) and Kobe (1995), it was found that although
the structures were designed according to the current codes
at the time and met acceptable standards for life safety, the
amount of damage they sustained was nonetheless very high.
In light of these events, it is evident that higher-performance
designs, with the ability to limit losses due to property damage
and the interruption of business, need to be developed and
implemented. These more stringent requirements have led
to the development of a performance-based seismic design
methodology [1].
A design performance level is a statement of the desired struc-
tural behavior of a building, should it experience an earthquake
of a given severity. In performance-based seismic design codes,
such as those contained in FEMA-273, performance ratings are
divided into three levels: Immediate Occupancy (IO), Life Safety
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Open access under CC BY-NC-ND license.(LS) and Collapse Prevention (CP) [2]. The IO level implies very
light damage with minor local yielding and negligible residual
drifts, while the CP level is associated with extensive inelastic
distortion of structural members with little residual strength
and stiffness.
For assessing structural performance, the guidelines suggest
the use of linear static, non-linear static, linear dynamic and
non-linear dynamic methods of analysis. The most commonly
used approach is a type of non-linear static analysis, known
as pushover analysis. Pushover analysis allows for direct
evaluation of the performance of the structure at each limit-
state [3,4].
Since it appeared, numerous papers have been published
on the topic of design optimization using performance-based
criteria. Beck et al. proposed a general design framework that is
suitable for the performance-based design of structural systems
operating in an uncertain dynamic environment [5,6]. Foley
and Schinler has provided a ‘‘bird’s eye’’ view of the present
state of structural analysis and design procedures for optimized
performance-based design [7]. Xu et al. outlined a method
for optimizing the structure under two objective functions
for four performance levels. Their optimization is based on
minimizing the weight of the structure while unifying story
drift simultaneously [1]. They employed a newly developed
pushover analysis technique to evaluate seismic demand at
various performance levels and also a newmethod of sensitivity
analysis to establish gradient information [1,8].
In this paper, the objective functions used by Xu are repro-
duced, with some modifications in the lateral load distribution,
and another objective function for uniform story energy is also
presented.
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2.1. Objective functions
Xu et al. simultaneously optimized both the cost of the
structure and the amount of damage after an earthquake, by
choosing the weight of the structure as one of the objective
functions [1]. Although it is impossible to precisely predict the
true cost of the structure, the weight of the structure can be a
suitable measure. The function used by Xu is shown below:
f1(x) =
n−
j=1
ρLjAj/Wmax, (1)
where:
x = the designing variable vector;
n = the number of elements;
Lj, Aj = the length and cross-sectional area of the jthmember,
respectively;
ρ = the material density.
To normalize the cost function, they used the maximum possi-
ble weight of the frame,Wmax, which is calculated as the upper-
bound cross sectional area for a structural member, j.
One way to quantify the degree of damage to a building
framework is to establish the relationship between damage and
inter-story drift. Inter-story drift is the primary parameter in
evaluating seismic performance [9,10] and expresses the extent
of plastic deformation [10,11]. In this application, it is only
necessary to consider the plastic inter-story drift distribution
at extreme performance levels, such as the CP level, since
damage in the elastic range of structural response is of minor
consequence. It has been observed inmany collapsed structures
that it is deformation concentrated on a soft (or weak) story
under severe earthquake induced stress loading that leads
directly to structural failure. It is therefore reasonable to assume
that a structure will undergo less damage if such deformation
concentration is avoided, such as in a structure that exhibits a
more uniform inter-story drift distribution when undergoing
significant plasticity. For this reason, Xu defined another
objective function for improving the structural performance, as
shown here:
f2(x) =

(1/ns)
ns−1−
s=1

(vCPs (x)/∆
CP(x))(H/Hs)− 1
2 12
. (2)
where:
ns = number of stories;
Hs,H = distance from building ground level to story, s,
and the roof, respectively;
vCPs (x) = lateral translation of story, s,
at the CP performance level.
∆CPs (x) = lateral translation of the building’s roof at the CP
performance level.
As the damage rate during a seismic event depends on the
ability of the structure to absorb energy, the authors decided to
define another objective function, in order to enforce uniform
plastic energy-dissipation, as shown below:
f3(x) =

ns−1−
i=1

nf∑
j=1
MCPij θ
CP
ij
nf∑
j=1
MCPnsjθ
CP
nsj
− 1

2
1
2
, (3)where:
Mij = moment of the jth node in story i;
θij = rotation of the jth node in story i;
nf = number of nodes in each story;
ns = number of stories.
The value of the optimized function, f3, is equal to zero, if energy
distribution is similar in all stories.
2.2. Statement of the optimization problem
To optimize a structure based on the minimum weight
and maximum energy dissipation capacity simultaneously, the
general objective function is defined below:
f (x) = ϖ1f1(x)+ϖ3f3(x) = ϖ1
n−
j=1
ρLjAj/Wmax
+ϖ3

ns−1−
i=1

nf∑
j=1
MCPij θ
CP
ij
nf∑
j=1
MCPnsjθ
CP
nsj
− 1

2
1
2
. (4)
To compare the response of an optimal structure based on uni-
form plastic energy-dissipation with uniform drift distribution,
the following general function presented by Xu et al. is used:
fXU(x) = ϖ1f1(x)+ϖ2f2(x) = ϖ1
n−
j=1
ρLjAj/Wmax
+ϖ2

(1/ns)
ns−1−
s=1

(vCPs (x)/∆
CP(x))(H/Hs)− 1
2 12
,
(5)
where ω1, ω2 and ω3 are the objective function combination
factors. In order to define the performance of the structure ac-
cording to the corresponding performance levels, constraints
are added to the function of optimization as below:δ
i
s(x) ≤ δi
(i = OP, IO, LS, CP),
∆is(x) ≤ ∆i
(6)
where:
δs = inter-story drift of story, s (i.e. the difference between
the drift at story s and the drift at story s− 1);
δ = allowable interstory drift;
∆,∆ = roof drift and allowable roof drift, respectively.
2.3. Nonlinear static analysis (pushover)
In non-linear static analysis, the lateral load distribution in
the height of the frame is very important. For this reason, FEMA-
273 has defined the lateral load distribution as follows:
Ps = Vb

GsHks
 ns−
m=1
GmHkm

, (7)
where:
Ps = lateral load applied at story s;
Vb = base shear;
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ID No Record Seq. No. Earthquake File names
Year Name Component 1 Component 2
1 953 1994 Northridge MUL009 MUL279
2 960 1994 Northridge LOS000 LOS270
3 1602 1999 Duzce, Turkey BOL000 BOL090
4 1787 1999 Hectot Mine HEC000 HEC090
5 169 1979 Imperial Valley H-DLT262 H-DLT352
6 174 1979 Imperial Valley H-E11140 H-E11230
7 1111 1995 Kobe, Japon NIS000 NIS090
8 1116 1995 Kobe, Japon SHI000 SHI090
9 1158 1999 Kocaeli, Turkey DZC180 DZC270
10 1148 1999 Kocaeli, Turkey ARC090 ARC000
11 900 1992 Landers YER270 YER360
12 848 1992 Landers CLW-LN CLW-TR
13 752 1989 Loma Perieta CAP000 CAP090
14 767 1989 Loma Perieta GO3000 GO3090
15 1633 1190 Manjil, Iran ABBAR–L ABBAR–T
16 721 1987 Superstition Hills ICC000 ICC090
17 725 1987 Superstition Hills POE270 POE360
18 829 1992 Cape Mendocino RIO270 RIO360
19 1244 1999 Chi-Chi, Taiwan CHY101-E CHY101-N
20 1485 1999 Chi-Chi, Taiwan TCU045-E TCU045-N
21 68 1971 San Fernando PEL090 PEL180
22 125 1976 Friuli, Italy A-TMZ000 A-TMZ270
a All the records are selected from PEER Strong Motion database [17].Table 2: Performance-level site parameters.
Performance
level
Earthquake
levela
Ss (g) S1 (g) T0 (s)
OP 50%/50 0.126 0.061 0.726
IO 20%/50 0.209 0.100 0.718
LS 10%/50 0.290 0.140 0.689
CP 5%/50 0.500 0.230 0.637
a Sa exceedence probability/years.
Figure 1: Example 1: three-story, four-bay moment frame.
Hs,Hm = height from the base of the building to stories s
andm, respectively;
Gs,Gm = seismic weight for story level sandm, respectively;
k = constant number determined by the period.
In non-linear static analysis, the distribution of the lateral load
in the height of frames is determined by the first period of
the structure, while the period of the structure varied along
the analysis and so the load distribution should be modified.
For implementing the subject in this paper, after updating the
stiffness matrix at each step, the period of the structure is
determined, and accordingly the load distribution is updated.
2.4. Optimization solution algorithm
A generalized optimization criteria algorithm, called the
dual method [12], is employed in this study to solve optimiza-Figure 2: Example 2: five-story, three-bay moment frame.
tion problem in Eqs. (4) and (5), subject to Eq. (6), to find mem-
ber sizes. The overall design procedure is as follows:
Step 1: Assign the initial design;
Step 2: Performpushover analysis to evaluate seismic demand;
Step 3: Compute the sensitivity coefficient;
Step 4: Formulate the explicit optimization problem in the
forms of Eqs. (4) and (5);
Step 5: Apply the dualmethod to search for an improveddesign
solution;
Step 6: If the improved design solution is optimum, then stop,
otherwise, go back to Step 2;
Full details of the numerical realization of the design algorithm
were presented by Gong [13].
2.5. Term of comparison
To compare the optimized frames, Incremental Dynamic
Analysis (IDA) is performed based on the Far-Field ground
motion records recommended by FEMA P695 (see Table 1) [15].
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terms of the PGAvalue that causes the collapse of the structures.
The PGA has been arbitrarily related to the Type 1 spectrum
of EC8 for a site of soil category C . It is believed that the
results of the comparisons would not change, to any significant
degree, if a different reference spectrum were selected [16].
The fundamental parameters of the spectrum are the corner
periods, TB, TC and TD, which are, respectively, equal to 0.2, 0.6
and 2.0 s, and the ratio between the spectral acceleration atthe plateau and the peak ground acceleration, which is equal
to 2.875; assuming a site coefficient, S, equals 1.15. In Figure 6,
the elastic spectrum for PGA = 1 g, ξ = 5% is shown.
For the nonlinear dynamic analysis, the PGA value can be
determined as below:
PGA = Sa,Ave(T )
(2.5× 1.15× k(T )) , (8)
where Sa,Ave(Tel) is the average of the pseudo absolute acceler-
ation of the selected earthquakes at drift equal to 0.06 h, and
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(d) Example 2: Case (i). (e) Example 2: Case (ii). (f) Example 2: Case (iii).
Figure 5: Force-based pushover curve of the optimized structures.factor k(T ) which relates the spectral acceleration at T to the
PGA is equal to:
k(T ) =

1 T < TC
TC
T
TC < T < TD
TD.TC
T 2
T > TD.
(9)
3. Examples
In optimizing the two examples below, it is assumed that
cross-sectional sizes are available continuously between the
upper and lower limits.
3.1. Example 1
In this example, a steel moment frame with four-bays and
three stories (Figure 1) is assumed. The framework consists
of 27 members and 9 continuous design variables, A1–A9. To
determine the specifications, such as moment of inertia and
plastic moment, of the mechanical members, the functional
relationship proposed by Gong for the W-Section is used
[13,14].
In order to optimize the frame, it is assumed that columns
are chosen from the W14 section, while the beams are chosen
from W24, W30, and W33, respectively. The expected yield
strength of the steel used for columnmembers is;σy = 57.6 ksi
(397 MPa), and σy = 49.2 ksi (339 MPa) for beam members.
According to FEMA-273, the base shear at each performance
level is calculated as below:
V ib = W (S ia/g) (i = OP, IO, LS and CP), (10)where:
W = seismic weight of the structure,
g = gravitational acceleration,
S ia = spectral acceleration for each performance level,
which can be expressed as [2]:
S ia =

S is(0.4+ 3T/T i0) 0 < T ≤ 0.2T i0
S is 0.2T
i
0 < T ≤ T i0
S i1/T T > T
i
0
(11)
where:
T = period of structure;
T i0 = period at which the constant acceleration and constant
velocity regions of the response spectrum intersect for
the design earthquake associated with performance level i;
S is, S
i
1 = corresponding short-period and 1 s period response
spectrum parameters, respectively (see Table 2).
The k value in Eq. (6) is calculated at each optimization step,
according to FEMA-273, as shown below:
k =
2 T ≥ 2.5
0.5T + 0.75 0.5 < T < 2.5
1 T ≤ 0.5
(12)
where T is period of the structure.
The allowable inter-story drifts are taken to be 0.0065 h,
0.012 h, 0.031 h and 0.061 h for the OP, IO, LS and CP levels,
respectively. The allowable roof drifts for the OP, IO, LS and
CP levels are taken to be 0.004 H, 0.07 H, 0.025 H and 0.05 H,
respectively.
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Example No. Weight (Kips)
(i) (ii) (iii)
1 113.43 122.66 124.98
2 175.83 197.95 203.57
Table 4: Optimum cross-section in Example 1.
No. Section
name
Cross-section area (in2)
(i) (ii) (iii)
1 A1 62.29 50.10 106.19
2 A2 60.11 77.45 68.18
3 A3 31.04 41.46 47.63
4 A4 164.53 151.05 149.24
5 A5 122.06 149.33 134.70
6 A6 80.35 89.59 96.91
7 A7 54.34 46.83 66.63
8 A8 47.27 50.25 47.29
9 A9 23.35 24.62 19.79
3.2. Example 2
The steelmoment frame considered in this example is a five-
story, three-bay frame, as shown in Figure 2. The framework
consists of 35 members and 15 design variables, A1–A15. It is
assumed that all column design areas are chosen from section
W14,while beamdesign areas are chosen fromW36,W30,W27
andW24 (Figure 2). Themaximumweight of the structure used
to normalize the weight in the objective function is 480.68 lb
(217.75 kg).
4. Discussion and conclusions
The above-mentioned structures are optimized by different
values of the objective function combination factors (ω1,ω2 and
ω3). The following cases are presented here:
(i) Minimum weight, i.e. ω1 = 1,
(ii) Combination factors used by Xu, i.e. ω1 = 0.95 and ω2 =
0.05,
(iii) Uniform energy dissipation capacity factor, which results
almost the same weight to case (ii), i.e. ω1 = 0.94 and
ω3 = 0.06.
The optimized cross section andweight that were calculated
for assuming frames in the above three cases are presented in
Tables 3–5.
As shown in Figures 3 and 4, displacement distributions in
the frame height for the above three cases (i)–(iii) on OP, IO and
LS levels are alike. But, at the CP level which is the calculation
scale for f2 and f3, there is a remarkable difference. At this level,
the displacement distribution is unity for all cases except (i),
and it can be concluded that uniformdrift can be considered as a
result of uniform energy dissipation. The force-based pushover
curves of the optimized structures are illustrated in Figure 5.
The IDA results of Example 2 are shown in Figures 6–9, for
the above mentioned cases, respectively. The average, lower
and upper limits (average + standard deviation) of pseudo
accelerations are summarized in Table 6. As given, in case (iii),
the CP level occurs at the PGA of 25% and 50% more than that
of cases (ii) and (i), respectively, so it can be concluded that
optimizing frames based on uniform energy dissipation is more
efficient than using uniform drift.Figure 6: EC8 acceleration spectrum Type 1, soil C.
Figure 7: Result of incremental dynamic analysis for case (i).
Figure 8: Result of incremental dynamic analysis for case (ii).
Figure 9: Result of incremental dynamic analysis for case (iii).
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No. Section
name
Cross-section area (in2)
(i) (ii) (iii)
1 A1 123.93 122.12 170.81
2 A2 87.72 129.60 131.45
3 A3 79.43 116.98 91.98
4 A4 55.64 91.25 64.96
5 A5 42.78 64.36 82.74
6 A6 176.06 151.96 193.78
7 A7 175.66 204.30 199.66
8 A8 150.69 184.82 183.24
9 A9 114.81 138.21 150.72
10 A10 36.60 60.65 57.33
11 A11 68.31 95.19 100.33
12 A12 71.12 103.86 81.43
13 A13 63.88 76.05 92.00
14 A14 41.36 54.10 40.31
15 A15 18.20 32.18 29.82
Table 6: Sa values cause CP Level.
Cases Average Variance Lower limit Upper limit
(i) 1.51 0.57 0.93 2.08
(ii) 1.88 0.31 1.57 2.19
(iii) 2.52 0.54 1.98 3.06
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